N atural killer T cells are a specialized T cell lineage with unique functional characteristics that distinguish them from conventional T lymphocytes. NKT cells have been characterized as cells that coexpress the NK cell marker NK1.1 and the TCR, although most of them have a semi-invariant TCR, consisting of an invariant TCR V␣14J␣18 chain (V␣24J␣15 in humans) and a TCR ␤-chain that is heavily biased toward V␤8.2 (V␤11 in humans), V␤2, and V␤7 (1) (2) (3) . In contrast to conventional T cells that recognize peptide Ags in conjunction with MHC molecules, these NKT cells with a semi-invariant TCR recognize glycolipid Ags in conjunction with the MHC class I-like molecule, CD1d (4 -7) . NKT cells are known to play a key role in a range of different diseases, including autoimmune diseases, cancer, and infection (1, 2, 8, 9) . One of the most striking characteristics of NKT cells is their ability to secrete high levels of immunoregulatory cytokines, including both IFN-␥ and IL-4, within minutes to hours of Ag encounter (1) (2) (3) . Indeed, this is thought to be the primary means by which they regulate immune responses. This has also presented a paradox to immunologists, as some of these cytokines, such as IFN-␥ and IL-4, work in opposition to each other. Furthermore, the types of responses ascribed to NKT cells range from immunosuppression to immunoaggression (9, 10) . Related to this, in some cases NKT cells seem to steer the overall immune response in a Th2 direction, characterized by the secretion of IL-4 and IL-13. In other cases, however, they seem to push the response in the opposite, Th1 direction, in which IFN-␥ is the predominant cytokine. The problem of how NKT cells can regulate such a diversity of responses is compounded by studies suggesting that NKT cells die though apoptosis within a few hours of TCR stimulation via activation-induced cell death (AICD) 3 (11) (12) (13) (14) (15) (16) . Most studies of NKT cell activation have employed the glycolipid ␣-galactosylceramide (␣-GalCer). This compound, originally derived from marine sponges, binds CD1d, forming a complex that binds the NKT cell TCR with high affinity, leading to potent NKT cell stimulation (5, 7, 17, 18) . In vivo injection of ␣-GalCer into mice causes a rapid burst of cytokine production within 1 h of treatment, and within a few hours, NKT cells in spleen and liver are virtually undetectable (11-14, 16, 19) . This is believed to represent AICD, and in one study was suggested to be Fas dependent (13) , although this mechanism was not supported in two separate studies (11, 14) . Similar NKT cell disappearance has been reported in vivo when NKT cells are stimulated by anti-CD3 or IL-12 (15) . Perhaps the most surprising consequence of NKT cell stimulation is the subsequent recurrence of NKT cells, usually within 2-3 days of stimulation (11, 12, 15, 20) . This is thought to be thymus independent, primarily arising though NKT cell expansion in bone marrow (15) . In contrast, in vitro stimulation of NKT cells does not lead to rapid death, but instead results in the proliferation of these cells and the down-regulation of NK1.1 from the cell surface (21) .
In this study we carefully monitor the fate of ␣-GalCer-stimulated NKT cells in vivo, using CD1d/␣-GalCer tetramer as well as NK1.1 expression to identify these cells from the first hours after stimulation through 12 days. Our results suggest that receptor down-regulation is a primary cause of NKT cell disappearance following ␣-GalCer treatment. Furthermore, we show that NKT cells undergo rapid expansion and sustained IFN-␥, but not IL-4, production for several days after stimulation. 
Materials and Methods

Mice
Abs and flow cytometry
To avoid nonspecific binding of Abs to FcR␥, cells were preincubated with anti-mouse CD16/32 (2.4G2) mAb (grown in-house) before staining with FITC-or allophycocyanin-conjugated anti-␣␤TCR (clone H57-597); PEor biotin-conjugated anti-NK1.1 (clone PK-136); FITC-or PerCP-conjugated CD4 (clone RM4-5); FITC-, biotin-, or allophycocyanin-conjugated Mac-1 (clone M1/70); PE-conjugated mouse IgG2a isotype control (clone G155-178); FITC-conjugated hamster IgG2 isotype control (clone Ha4/ 8); and PE-or CyChrome-labeled ␣-GalCer-loaded mCD1d tetramers (produced in-house at La Jolla Institute of Allergy and Immunology, La Jolla, CA). Biotinylated Ab were detected with streptavidin, Alexa Fluor488 conjugate (Molecular Probes, Eugene, OR), or streptavidin-PerCP. All flow cytometry reagents were purchased from BD PharMingen (San Diego, CA), unless otherwise indicated. Cells were gated and sorted as previously described (24) . After washing twice with PBS, the stained cells were analyzed on a FACSCalibur (BD Biosciences, San Jose, CA), and the data were processed with CellQuest software (BD Biosciences).
Annexin V labeling and 7-amino actinomycin D (7AAD)
Cells were washed three times in serum-free annexin V binding buffer, containing 0.01 M HEPES, 0.14 M NaCl, and 2.5 mM CaCl 2 in ddH 2 0, before labeling with FITC-conjugated annexin V (BD PharMingen) for 25 min at room temperature in the dark. Cells were washed once in annexin V buffer, and 7AAD (5 g/ml, final concentration; Molecular Probes) was added 10 min before acquisition. Cells were analyzed using a FACSCalibur (BD Biosciences), and the data were processed with CellQuest software (BD Biosciences).
Intracellular cytokine staining
Following isolation from liver and spleen, lymphocytes were labeled with cell surface Abs and washed once in PBS before fixing in 0.5% paraformaldehyde (BDH Chemicals, Poole, U.K.) in the dark for 30 min at room temperature. Cells were washed twice in PBS before incubation with Abs for intracellular staining in PBS containing 0.05% saponin (Sigma-Aldrich, St. Louis, MO) in the dark for 1 h at room temperature. Intracellular staining Abs included FITC-conjugated anti-␣␤TCR (clone H57-597), hamster IgG2 (clone Ha4/8), anti-V␤8 (clone F23.1, a gift from Dr. F. Carbone, University of Melbourne, Melbourne, Australia), or PE-conjugated anti-IFN-␥ (clone XMG1.2), IL-4 (clone 11B11), or rat IgG1 as an isotype control (clone R3-34). Lymphocytes analyzed for intracellular cytokine staining were cultured for 2 h in 5 g/ml brefeldin A (Sigma-Aldrich), without in vitro stimulation, before cell surface labeling.
Isolation of liver lymphocyte subsets
Lymphocytes were isolated from the liver as previously described (24) . To avoid nonspecific binding of Abs to FcR␥, cells were preincubated with anti-mouse CD16/32 (2.4G2) mAb (grown in-house) before staining with FITC-conjugated anti-␣␤TCR (clone H57-597) and PE-conjugated anti-NK1.1 (clone PK-136). All flow cytometry reagents were purchased from BD PharMingen unless otherwise indicated. Cells were gated and purified by sorting as previously described (24) . After washing twice with PBS, the stained cells were analyzed on a FACStar Plus (BD Biosciences), and the data were processed with the CellQuest program (BD Biosciences).
5-Bromo-2-dexyuridine (BrdU) labeling
Mice were given an initial injection of BrdU (1 mg i.p.; Sigma-Aldrich) and provided sterile drinking water supplemented with 0.8 mg/ml BrdU and 5% (w/v) glucose (Merck, Darmstadt, Germany). BrdU drinking water was made up fresh and was changed every 2 days. For analysis of BrdU uptake by flow cytometry, cells were prepared as previously described (25) . Briefly, surface-stained cells were fixed using PBS containing 0.5% paraformaldehyde (BDH Laboratory Supplies) and 0.01% Tween 20 (BDH Laboratory Supplies) overnight. Cells were washed and incubated with 50 Kunitz units of DNase (30 min, 37°C; Roche, Mannheim, Germany) and subsequently stained with FITC-conjugated anti-BrdU mAb (BD Biosciences) containing Tween 20 (0.2%) for 1 h.
CFSE labeling and cell transfer
FACS-sorted liver NK1.1 ϩ ␣␤TCR ϩ (NKT) cells (purified to Ͼ98%) from WT mice were washed three times in serum-free medium before labeling with 1 M CFSE (Molecular Probes)/10 7 cells for 10 min at room temperature in the dark. Cells were washed three times in 2% normal mouse serum in PBS before 1-2 ϫ 10 6 CFSE-labeled NKT cells were adoptively transferred via i.v. injection into recipient WT mice. Twenty hours later, recipient mice received an i.p. injection of either 2 g of ␣-GalCer or vehicle, and they were killed 16 h later. Cell suspensions were labeled with anti-NK1.1-PE, anti-␣␤TCR-allophycocyanin, and annexin V-biotin, followed by streptavidin-PerCP and analyzed for the presence and the phenotype of CFSE ϩ cells in liver, spleen, lymph nodes, bone marrow, blood, and thymus by flow cytometry using a FACSCalibur (BD Biosciences). Mice that had not been injected with CFSE-labeled cells were included as a control for the presence of rare CFSE ϩ cells.
In vivo ␣-GalCer treatment
␣-GalCer was provided by Pharmaceutical Research Laboratories (Kirin Brewery, Gumna, Japan) and was prepared in saline supplemented with 0.5% polysorbate-20 (wt/vol). The vehicle control was saline supplemented with 0.5% polysorbate-20 (wt/vol). Mice received a single injection of 2 g of ␣-GalCer or control vehicle i.p.
Results
␣-GalCer-induced AICD of NKT cells
In agreement with previous studies, we found that CD1d-restricted NKT cells disappear from the liver (Fig. 1A) and spleen (not shown) within a few hours of treatment. This was supported by both NK1.1 vs ␣␤TCR labeling and also by CD1d/␣-GalCer tetramer labeling, which detects all NKT cells with a semi-invariant TCR based upon their Ag specificity. The down-regulation of NK1.1 and ␣␤TCR in response to ␣-GalCer correlated with the complete disappearance of CD1d/␣-GalCer tetramer ϩ cells (Fig.  1B) , indicating that the few remaining NK1.1 high ␣␤TCR high cells were probably not CD1d dependent, since CD1d/␣-GalCer tetramer-reactive cells were not present at this stage. CD1d-independent NK1.1 high ␣␤TCR high cells are known to exist in WT mice, but their relationship to NKT cells is unknown, and they do not respond to ␣-GalCer. Similar experiments were performed with a range of genetically deficient strains, lacking various molecules that could mediate lymphocyte cell death, including gld (Fas-L mutant), perforin Ϫ/Ϫ , TNF Ϫ/Ϫ , and gld/TNF Ϫ/Ϫ double-mutant mice. We also tested Bim Ϫ/Ϫ mice, as Bim is an essential factor in T cell AICD (26) . Within 16 h of ␣-GalCer treatment, NKT cells disappeared from spleen and liver of each strain tested, as shown for gld and Bim Ϫ/Ϫ (Fig. 1B) and also for perforin Ϫ/Ϫ , TNF Ϫ/Ϫ , and gld/TNF Ϫ/Ϫ mice (data not shown), demonstrating that none of these molecules was critical for the ␣-GalCer-induced disappearance of NKT cells. Furthermore, we did not detect significantly increased levels of annexin V binding on NKT cells from ␣-GalCer-challenged mice. As a control for annexin V staining on apoptotic cells, thymocytes were cultured overnight in the absence of stimulation. This resulted in a clearly distinct population of annexin-positive cells (Fig. 1C) . Taken together, these results suggest that either NKT cell disappearance involves an unusual form of apoptosis that is independent of the death mediators tested, or cell death is not the primary cause of NKT cell disappearance following ␣-GalCer stimulation.
NKT cells down-regulate receptors and survive ␣-GalCer
A population of cells that were NK1.1 low and ␣␤TCR low was regularly detected following ␣-GalCer treatment (Fig. 1A, see arrow) . This was specific staining, as this population was not detectable using isotype control Abs (not shown), and FcR block was routinely used in all stainings. A similar population of cells was clearly evident in an independent study (11) . To investigate the possibility that this population represented NKT cells that might have escaped detection due to down-regulation of surface markers, we monitored NKT cells following ␣-GalCer treatment in vivo between 1 h and 6 days after treatment ( Fig. 2A) Fig. 1 ). To directly determine whether NKT cells were down-modulating their TCR, we looked for surface ␣␤TCR low /intracellular ␣␤TCR ϩ cells in the livers of ␣-GalCer-treated mice. As shown in Fig. 2B , intracellular ␣␤TCR ϩ cells were first detected ϳ2 h after treatment and remained detectable until at least 24 h. A separate staining cocktail using anti-V␤8 Ab revealed a high frequency (Ͼ50%) of these cells to be V␤8 ϩ , supporting the idea that these are NKT cells rather than conventional T cells (data not shown). Also, the intracellular ␣␤TCR ϩ cells progressed from being NK1.1 ϩ at 2 h to NK1.1 low by 24 h (data not shown), in line with the delayed downregulation of NK1.1 as observed in Fig. 2A . Approximately 70% of intracellular ␣␤TCR ϩ cells were CD4 ϩ , which is also typical of liver-derived NKT cells (data not shown). It is relevant that forward light scatter analysis of NKT cells indicated that they became much larger, particularly at 24 h (Fig. 2C) , which might have excluded them from detection in some other studies, either through exclusion during density gradient separation of liver lymphocytes or due to them falling outside the normal lymphocyte gate based on forward side scatter of control liver lymphocytes. Although the proportion of NKT cells within the liver lymphocyte population decreased within hours of ␣-GalCer stimulation, the total number of liver lymphocytes increased over the same time-frame (Fig. 2Di) . Thus, the total number of NKT cells, identified as NK1.1 ϩ/low ␣␤TCR ϩ/low cells at 4 and 8 h (see arrows in Fig. 2A ) and as intracellular ␣␤TCR ϩ surface ␣␤TCR low cells at 16 and 24 h (Fig. 2B) , did not significantly change over the first 24 h (Fig.  2Dii) . This data strongly suggest that the majority of NKT cells survive ␣-GalCer stimulation and remain in the liver.
␣-GalCer-stimulated NKT cells survive in vitro
As an additional test of whether ␣-GalCer-stimulated NKT cells undergo AICD, we wanted to determine the ultimate fate of ␣-GalCer-stimulated NKT cells in isolation. NKT cells were purified from the livers of WT mice 3 h after the i.p. injection of either ␣-GalCer or vehicle and were subsequently monitored in vitro for survival and modulation of their surface phenotype. As shown in Fig. 3A , at the time of sorting, the NKT cells had partially downregulated their TCR, but had not yet down-regulated NK1.1. Twenty-four hours later, at a time when NKT cells are reportedly eliminated, the majority (Ͼ75%) of these cells remained viable. We also found that once isolated, the partially down-regulated population re-expressed cell surface ␣␤TCR, but continued to down-regulate NK1.1 at the later time points. NKT cells from vehicle-treated mice retained normal expression of both ␣␤TCR and NK1.1 during the same culture period, although the viability of these cells declined to Ͻ50% by 24 h, presumably due to the absence of stimulation and/or survival factors. 
NKT cells survive ␣-GalCer in vivo
To identify NKT cells independently of cell surface markers, NKT cells were purified from livers of donor mice by FACS sorting, labeled with the fluorescent dye CFSE, and transferred into recipient mice. Recipient mice were subsequently injected (20 h later) with either ␣-GalCer or vehicle, and 16 h after treatment, their organs (liver, spleen, thymus, bone marrow, lymph node, and blood) were analyzed for the presence of CFSE ϩ (NKT) cells (Fig. 3B) . In all recipients, most CFSE ϩ cells were found in liver. Similar numbers of CFSE ϩ cells were found in both ␣-GalCerand vehicle-treated mouse livers, and while most CFSE ϩ cells in vehicle-treated mice still expressed both NK1.1 and ␣␤TCR, CFSE ϩ cells in ␣-GalCer-treated mice no longer expressed these receptors. Furthermore, these cells did not show increased binding with the early apoptosis marker annexin V. This strongly supports our contention that most NKT cells are not depleted within hours of TCR stimulation, but escape detection through receptor down-regulation.
NKT cells extensively proliferate and expand following ␣-GalCer treatment
Previous studies have shown that NKT cells return to normal proportions within 2-3 days of ␣-GalCer treatment (11, 12, 20) . However, these studies relied on NK1.1 vs ␣␤TCR to identify NKT cells, which may compromise this interpretation, given our data showing that NKT cells down-regulate NK1.1 upon stimulation. Therefore, we used CD1d tetramer to identify NKT cells in a range of tissues for several days after ␣-GalCer treatment (Fig. 4) . This revealed that the percentage of CD1d tetramer ϩ NKT cells not only returned to normal within 24 -48 h, but in some tissues, such as spleen (Fig. 4, A and B) and bone marrow (Fig. 4B) , the proportion of these cells had increased ϳ5-fold by 2-3 days after ␣-GalCer treatment. When taken into consideration with absolute cell numbers per tissue (Fig. 4B ), which were also increased at this stage in spleen and liver, we found ϳ10-fold expansion of NKT cell numbers in spleen, 7-fold in liver, and 3-fold in bone marrow. In agreement with earlier studies, thymic NKT cells did not undergo similar expansion, although these cells had apparently encountered ␣-GalCer, as indicated by their increased in size at 2-3 days (not shown). An important distinction that might explain discrepancies between this and previous data is that the NK1.1 molecule remained at lower levels for several days following stimulation (Fig. 4B) , which would have yielded much lower counts when using NK1.1 vs ␣␤TCR expression to measure NKT cells. CD4 expression did not change over the time course in any tissue (data not shown), remaining at ϳ70%. This suggests that CD4 ϩ and CD4 Ϫ CD8 Ϫ NKT cells respond similarly to ␣-GalCer stimulation. This ␣-GalCer-induced expansion was confirmed to be primarily due to NKT cell proliferation, as demonstrated by BrdU uptake compared with vehicle-treated mice (Fig. 4B) . Not all NKT cells were found to be BrdU ϩ , which may mean that some NKT cells were not proliferating or may simply reflect the inability of spasmodic BrdU uptake (depending on the consumption of drinking water) to label 100% of divided cells.
NKT cells continue to produce IFN-␥, but not IL-4, for at least 2 days after initial stimulation
In light of our data showing that NKT cells survive and proliferate in response to ␣-GalCer treatment, an important question was whether they were still producing cytokines while their TCRs were down-regulated, and whether this continued during the subsequent proliferation phase. At various time points after ␣-GalCer treatment, mice were killed, and their liver lymphocyte populations (Fig. 5) and spleen lymphocyte populations (not shown) were analyzed for the presence of either IL-4-or IFN-␥-expressing cells using intracellular cytokine staining. As shown in Fig. 5 , clearly detectable levels of IL-4 were being produced by ␣␤TCR int cells at 2 h; however, this was not seen at 16 h. In contrast, high levels of IFN-␥ production were observed until at least 72 h after treatment. At each time point a control mouse, injected 2 h previously with ␣-GalCer, was examined and consistently yielded clear IL-4 staining, similar to what is shown in Fig. 5 , allowing us to state with confidence that the NKT cells at later time points were producing far less IL-4 than they were at 2 h. To determine which cells were responsible for this cytokine production, cytokine-expressing cells were gated and analyzed for surface ␣␤TCR-allophycocyanin vs intracellular ␣␤TCR-FITC expression for time points up to 24 h. For later time points, when CD1d tetramer ϩ NKT cells had reappeared, cytokine-producing cells were examined for CD1d tetramer binding. Between 16 and 24 h, the main IFN-␥-producing cells correlated with the intracellular ␣␤TCR ϩ population (Fig. 5B) , indicating that the predominant cytokineproducing cells were NKT cells. Even at 48 and 72 h, it was clear that CD1d tetramer ϩ cells were the main source of IFN-␥ production (Fig. 5C) . The other IFN-␥ ϩ cells are likely to include NK cells and other T cells, which are known to produce this cytokine in response to ␣-GalCer stimulation of NKT cells. Very similar results were derived from analysis of spleen lymphocytes (data not shown).
Discussion
NKT cells play a key role in many different types of immune responses (1, 2) ; however, NKT cell biology, particularly the response of these cells to stimulation, is very poorly understood. Current theories suggest that NKT cells rapidly respond with a burst of immunoregulatory cytokines, including IL-4 and IFN-␥, and then undergo apoptosis within hours of stimulation through AICD (11, 13, 14, 16, 27) . How this can have such a dramatic and diverse impact on many different types of immune response, including IL-4-dependent immunosuppressive responses (28) and IFN-␥-dependent cell-mediated responses (9, 14, 24) , is one of the key paradoxes in the field. Our results beg reinterpretation of earlier studies, indicating that glycolipid Ag-mediated stimulation of NKT cells leads to cell surface receptor down-regulation within hours of stimulation, and that most NKT cells survive this process and begin to proliferate, leading to a large, but transient, increase in the number of NKT cells in vivo, with ongoing production of IFN-␥, but not IL-4. We should emphasize that our results are not necessarily incongruous with the earlier study by Eberl et al. (15) , in which NKT cell depletion and repopulation were monitored following either IL-12-or anti-CD3-mediated stimulation. These are clearly very different forms of stimulation that do not depend on CD1d
ϩ APCs, and in the case of anti-CD3 may at least partly be due to Ab-mediated depletion.
It is generally accepted that the disappearance of NKT cells is only transient, with most studies reporting the reappearance of NK1.1 ϩ ␣␤TCR ϩ cells within 2-3 days of stimulation (11, 12, 15, 20, 29) . However, using these markers, previous studies had failed to detect the extensive expansion of NKT cells that occurred over the few days following stimulation. This can be explained by our observation that NK1.1 levels remained low for several days following stimulation; thus, most NKT cells were undetectable using previous methods. NK1.1 down-regulation by NKT cells had been previously observed in vitro following TCR-mediated stimulation (21) , but this phenomenon had not been directly demonstrated in vivo. NK1.1 Ϫ , CD1d/␣-GalCer tetramer-binding, NKT cells are known to exist in vivo in normal, nonchallenged mice (16, 30 -32) , and at least some of these cells are probably immature NKT cells that have recently arrived from the thymus (33, 34) . Given that NKT cell expansion was observed with similar kinetics in all tissues except thymus, it is unlikely that the expansion observed in this study results from thymic emigration, particularly when NKT cells were found to be blasting in situ in liver and spleen. Furthermore, earlier studies showed that restoration of NKT cell numbers following stimulation did not require an intact thymus (15, 35) . Previous studies have reported that thymic NKT cells are refractory to ␣-GalCer stimulation even when this compound is injected intrathymically (2, 16) (our unpublished observations). This might be due to ␣-GalCer being presented to NKT cells by CD1d ϩ thymocytes rather than professional APCs. In support of this, thymic NKT cells can be stimulated in vitro with ␣-GalCer, but only in the presence of APCs (including DC, macrophages and B cells) (R. Keating, unpublished observations) and (33) . Biologically, this might be important for positive and/or negative selection of NKT cells in the context of self-glycolipid ligands.
The significance of our observation that NKT cells undergo vigorous expansion is further demonstrated by the fact that these cells continue to make IFN-␥ for at least 3 days after their initial stimulation. In contrast, they produced high levels of IL-4 for only the first few hours. A major question in NKT cell biology is how the production of mutually antagonistic cytokines (IL-4 and IFN-␥) can be differentially interpreted by the immune system, FIGURE 4. NKT cells proliferate and expand after ␣-GalCer stimulation in vivo. Groups of mice were injected i.p. with 2 g of ␣-GalCer or vehicle. They were killed 1, 2, 3, 6, 9, or 12 days later and analyzed for the presence of CD1d/␣-GalCer tetramer ϩ ␣␤TCR ϩ NKT cells in thymus, spleen, liver, and bone marrow. Some mice were also treated with BrdU, killed 3 and 6 days after ␣-GalCer injection, and analyzed for BrdU uptake by CD1d/␣-GalCer tetramer ϩ NKT cells. A, CD1d/␣-GalCer tetramer vs ␣␤TCR labeling on splenic lymphocytes. B, Graphs depict data derived from tissues examined at each time point. From left to right: total lymphocyte number, CD1d/␣-GalCer tetramer ϩ ␣␤TCR ϩ NKT cell percentage, CD1d/␣-GalCer tetramer ϩ ␣␤TCR ϩ NKT cell number, proportion of NKT cells that were NK1.1 ϩ , and proportion of NKT cells that were BrdU ϩ in vehicleand ␣-GalCer-treated mice. The data represent: vehicle, n ϭ 3; day 1, n ϭ 2; day 2, n ϭ 2; day 3, n ϭ 3; day 6, n ϭ 3; day 9, n ϭ 3; and day 12, n ϭ 3 mice/group. particularly in different models. For example, NKT cell-mediated suppression of type 1 diabetes is IL-4 dependent (28), whereas NKT cell promotion of tumor rejection is IFN-␥ dependent (9, 14, 24, 36) . Our results suggest that temporal differences in cytokine production may potentially be a key to the different types of responses with which NKT cells are associated. For example, NKT cell responses requiring IL-4 production might only occur within hours of NKT cell involvement, which may limit the number and type of cells that encounter NKT cell-derived IL-4. In contrast, NKT cell responses requiring IFN-␥ production may evolve over subsequent hours/days and may influence the different cell types that encounter or remain in contact with NKT cells at later stages. It should be emphasized that NKT cells are thought to primarily act as initiators of immune responses involving downstream effector cells that also produce cytokines. For example, both NKT cells and NK cells produce IFN-␥ following ␣-GalCer stimulation, and both cells must produce this cytokine to mediate tumor rejection (24) . It should also be considered that naturally occurring (and as yet undefined) NKT cell ligands, that presumably are important in some models of NKT cell activity, may induce a very different cytokine response from that reported in this study. For example, CD1-binding natural ligands of differing affinity or more persistent presence may generate quantitatively and qualitatively different cytokine responses from NKT cells.
In summary, this study shows that following a single injection of ␣-GalCer at a dose employed by most studies using this compound, the majority of NKT cells do not die by AICD as previously thought, but evade detection by down-regulation of their receptors. ␣-GalCer-induced activation causes NKT cells to rapidly expand to many times their normal number before contraction several days later. Furthermore, although NKT cells clearly produce detectable levels of both IL-4 and IFN-␥ within 2 h of stimulation, they switch to a Th1-like cytokine profile by 16 h, which continues until at least 3 days after antigenic challenge. These findings provide important new insight into how this normally rare population of cells has the powerful ability to regulate immune responses to cancer, infection, and autoimmunity.
